INTRODUCTION
LOW-dimensional quantum-confinement has raised much interest due to the possibility to fabricate devices which could benefit from the ~r e d i c t e d enhanced density of states and higher binding energy of excitons [I] . An enhanced density of states in the quantum wire heterostructures subbands should lead to a higher optical absorption and emission.
There are only few published papers on SiGe nanostructures in comparison with 111-V materials. The fabrication techniques proposed and used so far can be divided into two categories.
(a) Self-organized methods take advantage of the Stranski-Krastanov growth mode (island growth) during the epitaxial growth of lattice mismatched systems [2] . The growth is performed on planar surfaces or on V-grooved ~a t t e r n e d substrates. This technique was applied to realize SiGe islands incorporated into the active region of electroluminescent devices. An improved emission as compared to strained-layer structures was observed and explained by the reduction of non-radiative recombination by the spatial localization of excitons [3] . An alternative t o island growth is the growth on V-grooved Si substrates which leads to the accumulation of SiGe at the bottom of the V-grooves allowing the formation of 1D or OD structures (41, [5] . (b) Free-standing structures were realized by several methods. The best known one is reactive ion etching which allowed to define features with minimum dimensions of 15 n m [6] . By local epitaxy with shadow masks 200 n m dots were fabricated by MBE with sidewalls determined solely by the growth process [7] . Lateral confinement can also be achieved by selective epitaxial growth in oxide In this paper selective epitaxial growth (SEG) by low pressure chemical vapor deposition (LPCVD) was investigated with the aim to fabricate quantum wires and dots. There are several aspects which have to be taken into consideration when this technique is intended for devices. First, the growth rate and Ge content in the Sil-,Ge, alloy should be independent on the pad size. When the growth is performed at total pressures low enough for the growth to be surface kinetic limited the growth is uniform at least down to 0.5 pm lateral size of the oxide hole [lo] . Second, usually facets develop during growth at the edges of the SEG area [ll] . And third, the relaxation in small sized areas is retarded or even suppressed for pads smaller than 10x10 pm2 [12] .
The SEG technique can in principle be applied in two ways to fabricate nanostructures. One is to use it in combination with electron beam lithography and deposit sub-50 nm structures. Another way, followed here, is to exploit the facet formation and deposit the quantum well layer at such a height in the oxide hole as to have a (100) part of the SEG area as narrow as possible. So far, an extension of the (100) part of 50 nm for (110) sidewall orientation was achieved. It resulted that, in spite of outer sharp facets, the quantum well layers inside the structure revealed a rounded form and in addition islands in the (100) and (311) planes. However, the wires and dots luminesce stronly down to the lowest achieved dimension, the integral intensity exceeding that from the substrate.
SELECTIVE GROWTH DETAILS
The epitaxy was carried out in a cold wall, load-locked, high-vacuum LPCVD system. The reactor is a horizontal quartz tube with a Sic coated graphite holder. Heating is performed by external halogen lamps placed below and above the reactor tube with temperature control by three thermocouples placed inside the holder. The pumping system consisting of a turbomolecular pump for high vacuum is in parallel with a combination of root blower with a mechanical pump for pumping the reactive gases. The base pressure is Torr. Three 3" wafers can be homogeneously deposited in one run. The selective epitaxy reported here was carried out at a pressure of 0.12 Torr and temperature of 700°C using SiClzHz and GeH4 as source gases and Hz as carrier gas without addition of HCl and with a Cl/H ratio of 0.05. Growth rates and thermodynamic analysis for the Si-Ge-C1-H system were published elsewhere [13] , [14] . Substrates were 2000 Rcm p-type (100) Si with 200 -500 nm thermal oxide patterned by optical or e-beam lithography and reactive ion etching. Arrays of rectangular holes parallel to (100) or (110) directions were realized. The wafers were then cleaned by the standard RCA cleaning, dipped in 2%HF and loaded into the reactor.
The thickness and Ge content was determined by Rutherford backscattering on (100) substrates. For very thin layers on {Ill}, (110) or (311) planes, the Ge concentration could not be measured. Therefore, the concentration values indicated during the paper are nominal values for growth on the (100) plane. The samples were characterized in addition by transmission electron microscopy (TEM) and photoluminescence spectroscopy (PL).
In order to achieve selective growth on patterned Si substrates the deposition on mask has to be suppressed. There are several mechanisms responsible for the selectivity of growth [15] : (i) etching by HCL by the reaction: Si+2HCL+ SiC12+H2, (ii) reaction of the SiOz mask with Si and Ge containing species forming volatile SiO and GeO, respectively and (iii) adsorption of Hz on the SiOz mask suppressing the nucleation of Si and Ge. If the mask is contaminated with carbon or metal residues the nucleation of Si and Ge on Si02 is enhanced, which can lead to false interpretation of the selectivity [16] .
The selective growth of Si and SiGe can be analysed using the supersaturation function [lo] . It was concluded that selectivity in the Si-Ge-C1-H system is possible at all reasonable pressures (1 bar to mbar) and at all adequate temperatures (600 -850°C) provided clean conditions [16] are available and the supersaturation is relatively low (for example: ratio of input partial pressure of SiC12H2 to equilibrium partial pressure of SiC12 below 1000 at 700°C).
The growth rate and composition of Sil-,Ge, generally depend on pad size [17] . When the growth is performed in the gas-phase transport regime the growth rate and composition are expected to depend on the filling factor, because the supersaturation is higher above the mask than above Si. The consequence are lateral concentration gradients of reactive species above the mask leading to a higher mass transport to the Si in the mask hole. Instead, when the growth is surface kinetic limited, for instance by reducing the total pressure, the growth proceeds at lower supersaturation and a more uniform growth is the result. Indeed, uniform growth (constant growth rate and composition) of Sil-,Ge, was observed up to xz 0.3 down to pad dimensions of 0.5 pm by growing at 0.1 Torr and 700°C [lo] .
RELAXATION O F Sil-,Ge, IN SMALL PADS
Sil-,Ge, layers grown on Si substrates relax above a critical thickness. This thickness depends on the pad dimension and is shown in table 1 for large area, 100x100 pm2 and 10x10 pm2 square dots. One can see that for x=0.12 the critical thickness for 10 pm dots increases by more than 10 times, while for x=0.20 it is still five times larger than for large area samples. The reduction of misfit dislocation density by reducing the pad size can clearly be followed by photoluminescence spectroscopy [lo] .
The retardation of the onset of relaxation in small pads can not be explained by the elastic relaxation of the pads, at least for pads of the order of 100 pm [12] . However, this phenomenon can be explained if kinetic barriers for nucleation of misfit dislocations are taken into account. Assuming that there are only few nucleation sites for misfit dislocations [18] , but the self-multiplication and propagation processes are fast, then on large areas a dislocation nucleated at one of the few nucleation sites will propagate and multiplicate many times resulting in many dislocations. On small pads, however, either there are no nucleation sites at all, thus misfit dislocations can not be generated. Or, if a nucleation site is present, the generated misfit dislocation will propagate to the edge of the pad and will stop there, being unable io multiplicate significantly. Indeed, trying to count the dislocations in small pads, one is faced with the problem, that most of the pads are dislocation free, but there are some pads with misfit dislocations. 
FACETS
Under conditions leading to uniform and planar selective growth usually facets develop at the corner of the pads. The width of facets depends on the ratio of growth rate of the facet R{hkl) and the growth rate in normal direction R(100), while the development of a particular crystallographic plane depends on the alignment of the oxide side-wall along major crystal axes [ll] . Under the conditions described in section 2 several planes occur [lo] .
(1) For sidewalls parallel to (110) directions the (111) and (311) These planes were also reported for the Si/SiGe system by Aoyama et al. [19] , however they observe the (111) facet developing at a later stage. We think that these different observations are due to differences in the lateral oxide wall. When the oxide has no vertical wall the (311) plane develops earlier.
The thickness of the structure in figure l a in the planar (100) region of the 10 pm wire is 890 nm, the facet width is 800 nm. This implies that l p m structures and smaller should have no more planar (100) regions, i.e. only facets. Indeed, in figure l b the 0.4 pm wire of sample 880 has a height of only 660 nm and no (100) plane. This result important for the interpretation of the PL spectra in section 5.
In smaller oxide holes (0.14 -0.2 pm) additional planes such as (411) and (433) were observed (figure lc). In contrast to larger pads such as 0.5pm, where always the (111) and (311) facets are formed, in smaller holes either one or other facet develops. This phenomenon seems to be correlated to the growth in holes, which are much narrower than the surface diffusion length of the adsorbed species. (2) For sidewalls parallel to (100) directions the (110) planes develop for Si and SiGe (x=0.06 and x=0.3), both for free growth (overgrowth) and constrained growth (in the hole). In figure 2a there is an example of free growth revealing only the (110) plane in a wire structure. The structure has a 1.5 nm Sio,70Geo.30 layer grown only on the facets. Figure 2b shows an example for constrained growth and again the (110) planes are seen. However, a second plane is seen, too, whose presence can not be understood so far. Table 2 : Growth rate on {110), (113) and (111) facets relative to (100) plane for different Ge contents; deposition temperature: 700°C and total pressure: 0.12 Torr. The results described above are summarized in figure 3 showing schematically a selectively grown multilayer wire on a (100) substrate. The assumption was made that the facets are generated from the beginning of the growth. The angle a h k l is the angle between a {hkl) plane and the (100) plane.
The experimentally determined growth rates of different facet planes are given in table 2. Knowing the growth rate of a given {hkl) plane any structure can be drawn graphically if the angle cr is known. This angle is given by
where r = h is the growth rate ratio.
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SiO, figure lb). The wire is shorter than in unpatterned regions because the facets from both sides made the junction. Therefore, the 0.4 pm up to 1 pm structures should have no (100) part any more.
If no (100) portion of quantum well layers are left, the question arises where are the NP and TO peaks coming from. The TEM picture of figure 4b shows, that in spite of the sharp (111) and (311) facets, the buried quantum well layers seem to be rounded, so that a (100) part could be present approximately 50 nm wide. In this region the quantum well layers seem to be thinner than in the large (100) region of the 10 pm wire of figure la, which could explain the blue shift of the NP and TO peaks in the 0.7 and 0.5 pm wires. We conclude, that this 50 nm (100) part could be the source of the NP and T O peaks in the 0.5 pm, 0.7 pm and 1 p wires. The TEM picture also shows that islands are present in the (311) part of the multiple quantum well layers. These islands can be the source for the red shifted NP1 and TO1 peaks, because in the island region the confinement energy is lower. 
CONCLUSIONS
Selective e p i t a x~ by LPCVD was applied to realize laterally confined strained multiple quantum well SiGe dots and wires in (100) plane. It was found that the extension of the (100) part of the structures depends on the sidewall orientation of the oxide holes. So far, 50 nm for (110) sidewall orientation Was achieved. However, in spite of sharp outer facets the inner (100) quantum well layers reveal a rounded form. Emission lines stronger than emission from the substrate were detected from quantum
